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Abstract-The  brain  has  a  limited  capacity  to  process 
information,  so  perceptual  discriminations  made  when 
viewing  natural  visual  scenes  require  that  individual 
stimuli  be  singled  out  as  targets  for  further  analysis.  Motor 
systems  are  similarly  challenged  since  goal  directed 
behaviors  -  by  definition  -  require  identification  of  a  single 
goal.  The  current  report  focuses  on  whether  neuronal 
activity  within  structures  related  to  the  generation  of  rapid 
reorienting  movements  of  the  eyes,  saccades,  show 
modulations  related  to  the  probability  of  selecting  one 
target  from  among  many.  We  recorded  from  neurons  in 
the  Superior  Colliculus  (SC)  and  the  Substantia  Nigra 
Pars  Reticulata  (SNr)  while  monkeys  performed  a  task  in 
which  the  number  of  possible  targets  was  manipulated.  We 
found  that  neurons  in  both  regions  were  modulated  with 
changes  in  target  probability.  When  the  probability  of  a 
particular  saccade  target  was  high,  the  activity  of  SC 
neurons  was  also  high.  When  the  probability  was  low,  the 
activity  was  low.  Neuronal  activity  in  the  SNr  was  also 
modulated  in  a  manner  similar  but  not  identical  to  that 
seen  in  SC.  The  results  suggest  that  neuronal  elements  in 
these  regions  reflect  task  demands  similar  to  that  seen  in 
cortical  regions  involved  in  visual  perception. 

Keywords  -  Target  Selection,  Superior  Colliculus, 
Substantia  Nigra,  Inhibition 

I.  INTRODUCTION 

The  superior  colliculi  (SC)  are  located  on  the  roof  of  the 
midbrain  and  receive  direct  inputs  from  the  retina  as  well  as 
virtually  the  entirety  of  cerebral  cortex.  The  SC,  in  turn, 
directly  access  brainstem  regions  critical  for  the  production  of 
rapid  reorienting  movements  of  the  eyes  -  saccades.  Much 
research  has  been  devoted  to  demonstrating  that  neuronal 
elements  within  the  SC  are  intimately  involved  in  the 
production  of  saccadic  eye  movements  [1], 

In  addition  to  the  direct  inputs  from  cortex,  the  SC  receive 
indirect  cortical  inputs  through  the  basal  ganglia.  In  particular, 
the  substania  nigra  pars  reticulata  (SNr)  has  direct  projections 
to  the  saccade-related  regions  of  the  SC  [2,  3].  In  contrast  to 
the  direct  excitatory  cortical  inputs,  those  from  the  SNr 
provide  a  major  source  of  inhibition  to  the  SC  [4].  This 
cortical  convergence  in  both  the  SC  and  the  SNr  make  these 
two  regions  ideal  for  assessing  the  output  and  processing  of 
these  two  descending  pathways,  the  direct  cortico-brainstem 
pathway  and  the  indirect  cortico-basal  ganglia-brainstem 
pathway.  Indeed,  both  structures,  the  SC  and  the  SNr  contain 
neuronal  elements  with  response  properties  reflecting  visual 
stimuli  as  well  as  saccadic  eye  movements.  Far  less  is  known 
about  the  role,  if  any,  these  structures  play  in  events 
intervening  between  visual  stimulus  presentation  and  saccadic 
eye  movement  generation.  Therefore,  the  goal  of  the  work 
described  here  was  to  measure  the  neuronal  activity  in  these 
two  saccade-related  regions,  the  SC  and  the  SNr,  in  a 
behSvi?(Si72tkil|/Ql^lU'09^O&)dfiSEpreceding  saccadic  eye 


movements  were  manipulated.  In  particular,  we  presented 
monkeys  with  many  possible  stimuli  from  which  only  one 
would  later  be  identified  as  a  target  for  a  saccadic  eye 
movement.  We  manipulated  the  number  of  possible  visual 
targets  available  for  selection  while  we  recorded  neurons  in 
the  SC  and  the  SNr.  This  was  done  to  determine  whether  the 
activity  of  these  neurons  is  linked  only  to  the  generation  of  the 
saccadic  eye  movement  or  whether  it  reflects  processes 
occurring  between  vision  and  action  such  as  saccade  target 
selection. 

II.  METHODOLOGY 

Two  monkeys  were  prepared  for  recording  single  neurons 
in  the  SC  and  two  were  prepared  for  the  SNr  using  standard 
techniques  [for  details  see  5,  6].  All  procedures  complied  with 
the  Public  Health  Service  Policy  on  the  humane  care  and  use 
of  laboratory  animals  and  were  approved  by  the  Institute 
Animal  Care  and  Use  Committee.  In  our  target  probability 
task  (Fig.  1),  our  goal  was  to  separate  the  sequence  of  events 
leading  up  to  saccade  generation  while  varying  the  probability 
that  a  given  stimulus  would  become  a  saccade  target. 
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Fig.  1.  Target  probability  task.  The  upper  portion  represents  the 
temporal  arrangement  of  the  task  and  the  lower  portion  represents  the 
spatial  arrangement  of  the  task.  The  boxes  represent  the  video  screen 
viewed  by  the  monkeys.  The  smaller  inset  boxes  represent  the  eye 
position  requirement  of  the  task.  Note  that  the  trace  marked  “Eye”  is 
schematic. 

First,  a  centrally  located  fixation  point  (LED)  was  illuminated 
and  monkeys  were  required  to  look  at  it  for  1  s  to  initiate  the 
trial.  Second,  one,  two,  four,  or  eight  spots  of  light  were 
illuminated  for  a  randomized  time  ranging  from  800  -  1200 
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ms,  and  these  trial  types  were  randomly  interleaved.  This  was 
the  period  of  pre-selection  because  which  of  the  spots  would 
become  the  target  was  unknown  to  the  monkeys.  Because 
neurons  in  the  SC  and  SNr  show  preferences  for  the  location 
of  targets  or  saccades,  one  of  the  spots  was  always  located  at 
the  position  in  the  visual  field  that  yielded  the  maximal 
response  from  the  recorded  neuron.  SNr  neurons  generally 
show  a  decline  in  activity  associated  with  saccades  [7-9]  so  for 
these  neurons,  we  sought  a  maximal  pause  in  activity.  All 
other  possible  targets  were  placed  equally  eccentric  but  in 
different  directions.  Third,  one  of  the  possible  targets  dimmed 
for  800  -  1200  ms.  We  defined  this  as  the  period  of  selection 
because  the  dimming  indicated  which  of  the  spots  was  the 
target  for  the  saccade.  The  final  period  of  saccade  initiation 
began  when  the  fixation  point  went  off  (go  signal)  which 
required  monkeys  to  make  a  saccade  within  500  ms  to  the 
dimmed  target.  Monkeys  were  required  to  maintain  their  eye 
position  at  the  target  for  300  -  500  ms  in  order  to  obtain  liquid 
reward. 


III.  RESULTS 


A.  Superior  Colliculus  Neurons 

Recordings  from  neurons  in  the  SC  while  monkeys 
perform  saccades  to  flashed  spots  of  light  reveal  some  neurons 
with  activity  tightly  linked  to  the  onset  of  visual  stimuli  and 
some  neurons  with  activity  tightly  linked  to  the  initiation  of 
saccades.  Other  neurons  contain  activity  tightly  linked  to  both 
visual  stimuli  and  saccade  initiation.  Having  monkeys  perform 
tasks  in  which  time  is  imposed  between  the  stimulus 
presentation  and  the  cue  to  initiate  a  movement  (delayed 
response  task)  reveals  SC  neuronal  activity  during  the  delay 
period  as  well  (Fig.  2). 
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Fig.  2.  Neuronal  activity  recorded  from  the  SC  during  performance  of 
a  delayed  saccade  task.  Each  tick  is  a  single  action  potential  and  each 
row  of  ticks  is  an  individual  trial.  The  envelope  of  activity  is  the 
spike  density  function  describing  the  average  activity  across  the 
trials.  The  bar  indicates  the  onset  and  duration  of  the  visual  stimulus 
and  the  arrow  indicates  the  time  the  fixation  point  was  removed. 

Whereas  it  is  generally  considered  that  the  discharge  of  action 
potentials  associated  with  the  onset  of  a  saccade  reflects  a 
command  to  initiate  an  eye  movement  and  the  initial  visual 
activity  reflects  a  potential  eye  movement  [10,  11]  it  is  less 
clear  what  the  activity  of  these  neurons  during  the  delay 
period  represents.  One  possibility  is  that  it  is  reflective  of 
processes  intervening  between  vision  and  action,  processes 
that  are  occurring  during  the  delay  period  such  as  target 
selection  and  saccade  preparation  [12,  13].  Therefore,  our  task 
was  designed  to  present  a  more  complicated  visual  scene 
thereby  manipulating  the  probability  that  monkeys  would 
engage  in  processes  preceding  saccade  initiation. 


When  a  single  possible  target  was  presented,  buildup 
neurons  of  the  SC  exhibited  activity  associated  with  the  onset 
of  the  visual  stimulus  and  maintained  activity  during  the 
preselection  period  before  the  target  was  identified  (Fig.  3, 
first  row).  At  the  time  the  target  was  identified  by  dimming, 
there  was  not  much  change  in  the  neuronal  activity  with  a 
single  possible  target.  Later,  after  the  go  signal  occurred,  there 
was  an  additional  discharge  of  action  potentials  associated 
with  the  onset  of  the  saccadic  eye  movement.  When  the 
number  of  possible  targets  was  increased  thus  decreasing  the 
probability  of  selecting  a  particular  saccade  target,  the  activity 
of  SC  neurons  was  reduced.  The  initial  visual  response  was 
reduced  as  well  the  longer  latency  delay  period  activity  (Fig. 
3,  left  and  middle  columns). 
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Fig.  3.  SC  neuron  and  changes  in  target  probability.  The  boxes 
represent  the  video  screen  viewed  by  the  monkeys  and  the  gray  circle 
indicates  the  identified  target.  Each  tick  is  an  action  potential  and 
each  row  of  ticks  is  an  individual  trial.  The  spike  density  function  is 
superimposed.  Data  are  taken  from  correct  trials  only.  The  trace 
marked  “Eye”  is  schematic. 

Indeed,  the  activity  was  most  reduced  when  the  probability  of 
selecting  a  particular  target  was  most  reduced,  with  eight 
possible  saccade  targets.  At  the  time  the  target  was  identified, 
in  the  eight  possible  target  condition,  there  was  an  increase  in 
the  activity  of  these  neurons  that  was  most  noticeable.  During 
this  interval,  the  neuronal  activity  remained  at  levels  seen  in 
the  single  target  condition  independent  of  the  number  of  visual 
stimuli  on  the  screen  until  the  time  the  saccade  was  initiated. 
At  this  point,  there  was  the  discharge  of  action  potentials 
associated  with  saccade  initiation.  The  saccade  discharge  was 
similar  in  the  different  conditions  because  the  saccade  was 
directed  to  the  same  location  in  each  case.  We  saw  significant 
modulations  with  changes  in  target  probability  for  all  SC 
neurons  we  recorded  [see  5]. 

In  summary,  neuronal  activity  in  the  SC  reflects  the 
probability  that  a  particular  saccade  target  will  be  identified 
for  a  saccade.  When  the  target  probability  is  high,  neuronal 
activity  is  high.  When  target  probability  is  low,  neuronal 
activity  is  low.  When  one  stimulus  is  identified  as  a  target,  the 
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activity  increases  reflecting  the  increased  probability  of 
selecting  the  target.  Therefore,  despite  their  proximity  to  the 
final  common  pathway  for  saccades,  activity  of  these  neuronal 
elements  within  the  SC  reflects  processes  preceding  the 
generation  of  a  saccade  and  is  not  obligately  linked  to  the 
generation  of  a  saccade. 

B.  Substantia  Nigra  Neurons 

SC  neurons  receive  inputs  from  many  sources.  In  general 
these  inputs  are  considered  excitatory.  One  set  of  inputs 
arising  from  an  output  nucleus  of  the  basal  ganglia  is  the 
substantia  nigra  pars  reticulata  (SNr).  The  action  of  the  SNr  is 
to  inhibit  its  target  structures  [4].  Consistent  with  this,  neurons 
in  the  SNr  are  tonically  active  and  cease  to  discharge  action 
potentials  at  the  time  of  saccade  initiation  as  well  as  with  the 
onset  of  visual  stimuli  [7,  8].  The  activity  profile  of  SNr 
neurons  at  the  time  of  saccade  initiation  is  essentially  a  mirror- 
image  of  the  activity  profiles  recorded  in  saccade  related 
neurons  of  the  SC  [3,  but  see  also  9].  Therefore,  one 
hypothesis  is  that  the  pause  in  discharge  of  SNr  neurons 
disinhibits  the  SC  allowing  the  initiation  of  a  saccadic  eye 
movement  [3,  14].  Whether  or  not  these  neurons  are  involved 
in  events  intervening  between  vision  and  action  or  whether 
they  reflect  processes  leading  up  to  the  generation  of  saccadic 
eye  movements,  is  unknown.  Therefore,  we  recorded  from 
SNr  neurons  while  monkeys  performed  our  target  probability 
task  to  determine  whether  these  neurons  were  modulated 
during  events  preceding  the  initiation  of  a  saccade. 

Initially,  when  a  single  possible  target  appeared,  SNr 
neurons  showed  a  distinct  pause  in  activity  (Fig.  4,  first  row). 
The  level  of  activity  resumed  during  the  delay  period,  but  it 
did  not  reach  levels  seen  during  baseline.  At  the  time  the 
target  dimmed,  for  a  single  possible  target,  there  was  not  much 
change  in  the  level  of  activity.  The  neuron  declined  more  at 
the  time  the  saccade  was  initiated.  As  the  number  of  possible 
targets  increased  from  one  to  eight,  the  activity  profile 
changed.  The  initial  decline  associated  with  the  onset  of  the 
visual  stimuli  was  reduced  with  increased  numbers  of  possible 
targets  (Fig.  4,  first  column).  Again  the  activity  resumed  to 
tonic  levels  but  it  was  less  than  baseline.  In  this  example 
neuron,  the  tonic  level  was  slightly  higher  with  eight  possible 
targets  than  with  one  [see  also  6].  At  the  time  the  target 
dimmed,  the  activity  began  to  decline  most  notably  when  there 
were  many  stimuli  present  as  in  the  eight  possible  target 
condition  (Fig.  4,  last  row).  The  reduced  level  of  activity 
remained  until  after  the  saccade  ended  at  which  time  the 
activity  returned  to  baseline  (not  shown). 

Thus,  SNr  neurons,  like  SC  neurons,  are  modulated  by  the 
number  of  possible  targets  available  for  selection.  When  the 
probability  is  maximal,  the  SNr  activity  associated  with  visual 
stimuli  is  maximal  (in  this  case  there  is  a  maximal  pause  in 
activity).  When  the  probability  is  reduced,  the  pause 
associated  with  visual  stimuli  is  reduced.  Whereas  in  the 
example  shown  here  there  is  a  modest  difference  in  the  delay 
period  activity  of  neurons  with  different  target  probabilities, 
this  is  a  not  a  general  finding  [see  6].  Nevertheless,  the 
modulations  of  SNr  activity  seen  with  multiple  possible 
targets  indicate  that  these  neurons,  like  the  SC  neurons,  are  not 
obligately  linked  to  saccade  generation. 
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Fig.  4.  SNr  neuron  and  changes  in  target  probability.  The 
arrangement  is  identical  to  that  in  Fig.  3. 


IV.  DISCUSSION 

We  recorded  from  neurons  in  the  SC  and  the  SNr  while 
monkeys  performed  a  behavioral  task  in  which  either  one,  two 
four  or  eight  possible  targets  appeared.  After  a  time  only  one 
of  the  stimuli  was  indicated  as  the  target  by  dimming.  At  this 
point,  monkeys  could  select  the  target  and  prepare  to  make  an 
eye  movement  to  the  location  of  that  target.  Prior  to  the 
dimming,  monkeys  did  not  know  which  target  would  be 
identified.  With  one  stimulus  there  was  100%  probability  that 
it  would  dim  whereas  with  eight  possible  targets,  it  was  only 
12.5%  probable  that  that  same  target  would  dim.  Consistent 
with  the  change  in  target  probability,  neurons  in  both  of  these 
regions  were  modulated.  We  found  that  SC  neurons  which 
generally  show  an  increase  in  activity  associated  with  the 
onset  of  visual  stimuli  and  saccadic  eye  movements,  showed 
high  levels  of  activity  when  there  was  only  one  possible  target 
present.  As  the  number  of  possible  targets  increased,  the 
activity  decreased,  consistent  with  the  reduced  probability. 
The  SNr  exhibited  a  similar  pattern.  SNr  neurons  generally 
show  a  pause  in  activity  associated  with  the  appearance  of 
visual  stimuli  and  the  onset  of  saccadic  eye  movements.  We 
found  that  when  only  one  target  was  present,  these  neurons 
showed  a  maximal  pause  in  activity  and  when  multiple 
possible  targets  were  present  the  pause  in  activity  was 
reduced.  Thus,  both  of  these  regions,  tightly  coupled  to  the 
generation  of  saccadic  eye  movements,  are  modulated  by 
changes  in  the  probability  that  a  particular  target  will  be 
identified  for  a  saccadic  eye  movement. 

During  the  delay  period,  before  the  saccade  target  was 
identified,  SC  neurons  showed  a  dramatic  modulation  of 
activity  whereas  the  SNr  activity  was  modulated  very  little  if 
at  all  [6].  This  indicates  that  the  direct  and  indirect  descending 
cortical  pathway,  reflect  multiple  visual  stimuli  and  therefore 
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more  complicated  visual  scenes,  differently.  It  also  indicates 
that  the  suppressive  effect  of  the  multiple  stimuli  seen  in  the 
SC  during  this  delay  period  does  not  result  from  an  increased 
inhibition  from  the  SNr.  This  is  in  contrast  to  proposed 
mechanisms  of  saccade  initiation  where  the  inhibition  from 
the  SNr  is  thought  to  hold  off  the  production  of  a  saccadic  eye 
movement. 

The  initial  pause  in  activity  and  reduced  delay  period 
activity  seen  in  SNr  neurons  may  not  directly  control  the  level 
of  activity  seen  in  the  SC,  but  it  may  nevertheless  provide  a 
permissive  effect  [15].  For  example,  the  transient  pause  may 
be  enough  to  release  the  SC  from  tonic  inhibition  allowing  the 
direct  cortical  inputs  to  the  SC  regulate  the  level  of  delay 
period  activity.  This  hypothesis  awaits  further  testing. 

V.  CONCLUSION 

Both  SC  and  SNr  are  intimately  involved  in  the  generation 
of  saccadic  eye  movements.  Indeed,  the  SC  is  considered  part 
of  the  final  common  pathway  for  the  generation  of  saccades 
and  the  SNr  has  long  been  known  to  tonically  inhibit  the  SC 
thereby  suppressing  saccadic  eye  movements.  Our 
experiments  demonstrate  that  these  structures  are  not  simply 
coupled  to  the  execution  of  saccades,  rather  they  have  activity 
that  is  modulated  by  demands  of  the  task,  in  this  case  the 
complexity  of  the  visual  scene  from  which  a  single  target 
would  later  be  identified.  Modulations  such  as  these  are 
reminiscent  of  those  seen  in  cortical  areas  devoted  to  visual 
perception  [reviewed  in  16]  and  may  reflect  the  similar 
behavioral  challenge  faced  by  both  perceptual  and  motor 
systems  in  natural  visual  scenes.  Indeed,  the  suppression  of 
activity  we  measured  with  multiple  possible  targets  present  is 
also  seen  in  visual  cortical  areas  [17,  18].  After  a  target  is 
identified,  the  neuronal  activity  changes  overcoming  the 
surround  inhibition  [see  also  5,  6],  This  is  similar  to  that  seen 
in  visual  cortical  areas  when  attention  is  directed  to  one  target 
among  others  [19,  20].  These  observations  may  reveal  a 
similar  competitive  architecture  for  target  selection  for 
perception  and  action  and  may  provide  valuable  insights  into 
our  understanding  of  the  organization  of  voluntary  movement 
control. 
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